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I. FUNDAMENTAL AND DERIVED UNITS 



Length _ 
Time__ 
Force , _ 



Symbol 



Power _ 
Speed _ 



I 
t 

F 



V 



Metric 



Unit 



meter 

second 

weight of 1 kilogram. 



j horsepower (metric) _ 
i f kilometers per hour. 
Mmeters per second. _ _ 



Abbrevia- 
tion 



English 



Unit 



kg 



kph 
mps 



foot (or mile) 

second (or hour).. 
weight of 1 pound. 



Abbrevia- 
tion 



ft (or mi) 
sec (or hr) 
lb 



horsepower hp 

miles per hour | mph 

feet per second j f ps 



2. GENERAL SYMBOLS 



Weight ~mg 

Standard acceleration of gravity = 9.80665 m/s 2 
or 32.1740 ft/sec 2 

Mass=— 
9 

Moment of inertia —mk l . (Indicate axis of 

radius of gyration k by proper subscript.) 
Coefficient of viscosity 



v Kinematic viscosity 
p Density (mass per unit volume) 
Standard density of dry air, 0.12497 kg-m" 4 -s 2 at 15° C 
and 760 mm; or 0.002378 lb-ft -4 sec 2 



Specific weight of 
0.07651 )b/cu ft 



'standard" air, 1.2255 kg/m 3 or 



3. AERODYNAMIC SYMBOLS 



Area 

Area of wing 
Gap 
Span 
Chord 

Aspect ratio, ^ 
True air speed 
Dynamic pressure, 



Lift, absolute coefficient 0^—-^, 



Drag, absolute coefficient 0 o — 



D 

qS 



D 0 



Profile drag, absolute coefficient C Do =-^ 



Induced drag, absolute coefficient C Di = 



qS 



Parasite drag, absolute coefficient Cn v ~qS 

Q 

Cross- wind force, absolute coefficient C c — 
2626° 



i t0 Angle of setting of wings (relative to thrust line) 
it Angle of stabilizer setting (relative to thrust 
line) 

Q Resultant moment 

Q Resultant angular velocity 

R Reynolds number, p — where I is a linear dimen- 

sion (e.g., for an airfoil of 1.0 ft chord, 100 mph, 
standard pressure at 15° C, the corresponding 
Peynolds number is 935,400; or for an airfoil 
of 1.0 m chord, 100 mps, the corresponding 
Reynolds number is 6,865,000) 

a Angle of attack 

e Angle of downwash 

a 0 Angle of attack, infinite aspect ratio 

a< Angle of attack, induced 

a a Angle of attack, absolute (measured from zero- 
lift position) 
7 Flight-path angle 
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GROUND EFFECT ON DOWNWASH ANGLES AND WAKE LOCATION 

Bv S. Katzoff and Harold H. Sweberg 



SUMMARY 

A theoretical study has been made of the reduction in 
downwash and the upward displacement of the wake in 
the presence of the ground, and some verification of the 
theory has been obtained by means of air-flow measure- 
ments made with a ground-board and image-wing com- 
bination. Methods are given for estimating the effects and 
numerous examples are included to illustrate the nature of 
thesi effects and to show their order of magnitude. 

INTRODUCTION 

An important consideration in the analysis of the 
handling characteristics of an airplane is the large re- 
duction of downwash in take-off or in landing occa- 
sioned by the proximity of the ground. A related con- 
sideration is that the wing wake, which under normal 
flight conditions generally passes below the tail, is dis- 
placed upward by the ground and may envelop the tail 
just as a landing is about to be made. 

The basis for the calculation of downwash angles and 
wake characteristics for the normal condition (without 
ground effect) is discussed at length in reference 1; a 
resume of the theory is given in reference 2, together 
with numerous charts to facilitate its application. The 
present paper is essentially a supplement to these 
papers and extends the theory and the methods of cal- 
culation to cover take-off or landing conditions. It 
includes also a sufficient number of illustrative exam- 
ples to enable the designer to estimate the effects of 
the ground on the wake location and on the downwash 
angles. 

A few wind-tunnel tests were made to provide some 
verification of the theory and to indicate that no 
important factors had been neglected. 

SYMBOLS 

C L lift coefficient 

0 Lw lift coefficient at a particular angle of attack, 
flaps up 

C Lf increase of lift coefficient, at same angle of 

attack, on deflecting the flap 
c dQ section profile-drag coefficient 
A aspect ratio 
a angle of attack 

e downwash angle 



e w downwash angle contributed by plain wing 

€/ downwash angle contributed by flap 

b span 

c chord 

c r root chord 

C mean aerodynamic chord 

vertical distance from ground to wake origin at 
root section 

(I distance from wing aerodynamic center to 
ground 

h downward displacement of center line of wake 

from its origin at trailing edge, measured 

normal to relative w ind 
m vertical distance from elevator hinge axis to 

wake origin at root section, measured normal 

to relative wind (positive if hinge axis is 

above trailing edge) 
x longitudinal distance from elevator hinge axis to 

quarter-chord point of root section 
£ longitudinal distance from elevator hinge axis to 

trailing edge of root sect ion 
f wake half-width 

a correction factor in formula for ground effect on 

angle of attack 
q free-stream dynamic pressure 

THEORY 

In the proximity of the ground, the wing vortex 
system is reflected in the ground and the resulting 
downwash at the tail corresponds to the combined 
field of flow of the two symmetrically situated and op- 
positely rotating vortex systems. The superposition is 
illustrated in figure L. Figure 1(a) shows the down- 
wash field in the plane of symmetry of a wing, under 
normal flight conditions; the field is symmetrical about 
the wake, which is so curved that its slope at every 
point is the tangent of the downwash angle at that 
point. The superposition of the reflected downwash 
field when the wing is near the ground is shown in 
figure 1 (b)j the downwash angle at every point is the 
algebraic sum of the two downwash angles, and the 
slope of the wake at every point is the tangent of the 
resultant downwash angle at that point. The resultant 
field is shown in figure L(c). 

1 
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^ o 0 20 40 60 80 100 120 140 160 
Cr> Distance behind quarter -chord point, percent semispon 

(a) Normal down wash field. 

(b) Superposition of downwash fields of actual vortex system (full lines) and re- 

flected vortex system (dotted lines). 

(c) Resultant downwash field. 

Figure 1.— Illustration of the ground effect on the downwash field behind an air- 
foil. Rectangular win?; A, 6; C7„ 1.0; z/c, 1.0. 

The assumption, implied in this procedure, that the 
system of bound and trailing vortices is independent 
of the distance from the ground does not strictly hold. 
First, since the field of the reflected bound vortex re- 
duces the effective airspeed at the wing, the average 
strength of the bound vortex must be correspondingly 
increased in order to maintain the given lift coefficient. 



This increase is about 



<I7 



percent, and the results 



obtained by the procedure given may, for better accu- 
racy, be increased by this amount. Second, the dis- 
tribution of the bound vortex across the span of the 
wing will be altered by the presence of the ground with, 
usually, a slight concentration toward the center of the 
wing. Third, the trailing vortices shed from the tips 
of the wings and the flaps do not extend straight back 
but move laterally outward under the influence of their 
own reflections. The last two effects are relatively 




./ .2 .3 .4 

Distance above woKe center line, chord length 

(a) crf 0 =0.20. 



(c) cd 0 =0.l0. 

Figure ?.— Wake effect on downwash. The effects are equal but of opposite sign 
below t he wake center. 
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small and are probably negligible for most cases. For 
a practical first approximation it appears permissible 
to neglect all three effects because, for distances from 
the ground for which they become pronounced, the 
dow nw ash angles are so far reduced that even relatively 
large percentage errors are numerically small. 

The wake, together with the (low into it (reference 2), 
may also be considered to be reflected in the ground. 
Inasmuch as this inflow is appreciable only within or 
very close to the wake, the effect of the reflected wake 
will generally be negligible unless the wing is less than 
one chord from the ground. 

The analysis given in reference 2 of the flow into the 
wake has been repeated on the basis of the more recent 
wake studies included in reference 3. The results (fig. 
2) indicate that the effect is less than that shown in 
reference 2, especially near the edge of the wake. 

It may be remarked here, with respect to the actual 
prediction of tail forces, that some uncertainty exists 
regarding the calculation of the effective angle of attack 
of the tail when it is near the center of the wake, where 
the wake effect changes rapidly with distance from the 
Center. For such conditions, the relation between the 
effective flow at the tail and the (low w hich would exist 
in that region in the absence of the tail may not be very 
close*. Experimental studies of the forces on an airfoil 
in a nonhomogeneous field of flow, as in a wake, would 
be of considerable aid in this respect. 

It may be noted further that the methods of reference 
2 are not very accurate in certain cases, for example, if 
the fuselage is a poor aerodynamic body or if the addi- 
tional lift due to flap deflection does not cany across 
the fuselage. Such inaccuracy [1) ay be expected bo 
persist near the ground ; predict ion of the w ake Location, 
which will often be the most critical of the variables 
involved, will be relatively unaffected by these inaccu- 
racies. 

APPARATUS AND TESTS 

For the tests the ground was represented, as sug- 
gested in reference 4. by an image airfoil and a ground 
board having its leading edge midway between the test 
airfoil and the image (indicated diagrammat icallv in 
fig. IS). The test airfoil was a 10- by 60-inch rectangular 
NACA CYH airfoil equipped with pressure orifices 
along the mid-semispan section; the image airfoil was 
similar in form but had a (lark Y section. No balance 
was used; the relation between the lift coefficient at the 
section containing the orifices and the lift coefficient of 
the wing, as determined from previous tests, was used 
to estimate tin 4 lift. The ground board was of %-inch 
plywood; although prohably too thick for the usual 
studies of ground effect on lift and drag, it was con- 
sidered sat isfactory for dow nw ash studies. The air- 
lolls and the ground board were mounted vertically on 



the floor of the entrance cone of the NACA full-scale 
wind tunnel (fig. 1); the alinement of the ground hoard 
with the air stream was verified by means of static- 
pressure measurements made near the leading edge on 
both sides. Airspeeds of about 50 miles per hour were 
used for the tests. 




Figure 3.— Partial ground board and image-wing combination. 



Measurements of downwash angles and of total and 
static pressures were made in the plane of symmetry of 
the airfoil by means of a two-finger yaw head (reference 
f>) and a total-pressure tube and a static-pressure tube 
placed near it (fig. 4). One test was made of the plain 




Figure 4. — Set-up for measuring ground effect on downwash. 



airfoil at a distance of 1.0c (measured to the quar- 
ter-chord Hue) from the ground, at a lift coefficient 
of 1.0. For the airfoils fitted with full-span 0,20c 
split flaps deflected 60°, measurements were made 
at distances of 0.6c, 1.0c, and 1.4c from the ground 
at a lift coefficient of about 1.6. 
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The accuracy with which the airfoil lift coefficients 
were estimated from the section lift coefficients was 
considered satisfactory, although the relation between 
the two is probably altered somewhat in the presence 
of the ground. Most of the downwash angles are 
accurate within about 0.25°. In the wake, however, 
especially near the trailing edge, the excessive turbu- 
lence probably contributed further error, as was indi- 
cated by the fact that the separate pressure readings 
of the two fingers of the yaw head did not bear the 
same relation to their difference as did the readings 
outside the wake. 

The combination of the partial ground hoard and an 
image wing is probably the most practical of the 



(reference 4); the thickness of the leading edge of the 
ground board should be reasonably small, however, for 
the leading edge corresponds essentially to a discon- 
tinuity in the ground level. 

RESULTS OF TESTS AND DISCUSSION 

The experimental downwash-angle contours are com- 
pared with the calculated contours in figure 5. Since 
the observed wake of the flapped airfoil indicated a 
profile-drag coefficient of about 0.135, the wake effect 
corresponding to this value was included in the cal- 
culated contours. 

The main discrepancy between the experimental and 




20 40 60 SO 100 120 140 
Distance behind quarter -chord point, 
percent semispan 

(a) No flap; Cl, 1.0; z/c, 0.83. 
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(b) 



0 20 40 60 SO /00 120 140 
Distance behind quarter -chord point, 
percent semispan 

(b) With full-span 0.20c split flap deflected 60°; Cl, 1.6; z/c, 0.41. 




20 40 60 SO 100 120 140 
Distance behind quarter -chord point, 
percent semispan 

(e.) With full-span 0.20c split flap deflected 60°; Cl, 1.6; zf .0.78. 

Figure 5.— Comparison of theoretical with experimental downwash angle 

acceptable methods of studying ground effect on air- 
foils. As has been shown by a number of investigators, 
the boundary layer on a ground hoard thai extends 
ahead of I he airfoil expands or separates as it approaches 
the area under the leading edge of the airfoil, owing to 
the positive pressure gradient in that region. For the 
combination, however, the leading edge of the hoard is 
at the region of maximum pressure and the boundary 
layer develops in a negative pressure gradient. Some 
preliminary studies indicated that this negative grad- 
ient continues for some distance behind the airfoil and 
that the boundary layer remains of negligible thickness 
throughout the region where it might influence the 
airfoil characteristics. Apparently, the image wing 
need not be an exact reproduction of the test wing 




20 40 60 80 100 120 
Distance behind quarter-chord point, 
x percent semispon 

U\) With full-span 0.20c split flap deflected 60°; Cl, 1 C: z[c, 1.18. 
s in the presence of the ground. Rectangular \ ACA CVfl wing .1, (\. 

the calculated values of e appears in the region close 
to the trailing edge, where the experimental values arc 
higher than the theoretical; a vortex at the quarter- 
chord line is apparently too inexact a substitute for a 
wing, especially a flapped wing, to give accurate re- 
sults for the flow near it. In the region where the tail 
surface is usually placed, however, the agreement is 
sat isfactory. The observed variation in downwash 
across the wake seemed to be somewhat less sharp 
than that indicated by the theory; as has already been 
noted, however, the measurements within the wake 
were relatively inaccurate. Inasmuch as the calcu- 
lated and the observed locations of the wake center line 
agreed within the accuracy of the measurements, only 
one wake center line is shown in each figure. 
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Distance behind quarter -chord point percent semispan 



Plain wing; C L , 1.5 Full-span flap; Cl, 2.5 

Figure 6 —Theoretical downwash-angle contours and wake positions for various distances from ground. A, 6; taper ratio, 1:1. 
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Di si once from <£ , percent semispon 
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60 



80 100 120 140 160 0 20 40 60 80 
Distance behind quarter -chord point, percent semispon 



tOO 120 140 160 



Plain wing; Cl, L5 Full-span flap; Cl, 2.5 

Figure 7— Theoretical downwash-angle contours and wake positions for various distances from ground. A, 6; taper ratio, 3:1. 
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60 80 100 0 20 

Distance from <£_ , percent semi span 





60 SO 100 120 140 160 0 20 40 60 80 
D-/ stance behind quarter -chord point, percent semi span 

0.4-span flap; Cl w , 1.2; Cl p 0.^ 0.7 span flap; Cl v , 1.2; Cl,, 1.2 

Figure 8.— Theoretical downwash-angle contours and wake positions for various distances from ground. A, 6; taper ratio, 3:1. 
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0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160 



Distance behind guar ter -chord point, percent semi span 



Plain wing; Cl, 1.6 Full-span flap; Cl, 2.5 

Fioure 9.— Theoretical down wash-angle contours and wake positions for various distances from ground. A, 9; taper ratio, 3:1. 
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APPLICATION 



EXAMPLES OF GROUND EFFECT 



A number of examples of the ground effect on down- 
wash angles and wake location are given in figures 6 
to 10. These figures may be used for design charts 
because the examples cover most conditions of practical 
interest; that is, enough cases are included not only to 
illustrate the nature of the ed'ect hut also to permit an 
estimate of the order of magnitude of the ed'ect in any 
case. For use at lift coefficients other than those 
shown, the downwash angles and the downward dis- 
placement of the wake may be assumed proportional 
to the lift coefficient. No wake effect was included 
in the computations for these figures inasmuch as the 
profile-drag coefficient would depend on the type of 
high-lift device used; the correction for the ground 
effect on the effective airspeed at the wing has also 
been omitted because the value of d/c depends to some 
extent on the geometric characteristics of the wing. 



CALCULATION I'ROCKDI KK 



Figures 0 to 10, together with figure 2, will probably 
suffice to indicate to the designer the magnitude of the 
ground effect and the conditions that the airplane 
must meet near the ground. In order to complete 
the presentation and also to show the methods of calcu- 
lation for cases not covered by the illustrations, the 
following additional discussion of the method isgiven. 

Superposition of the downwash fields. The only 
complication of the process of superposition illustrated 
in figure 1 is that the location of the wake cannot be 
predetermined because it depends on the resultant 
downwash field. For any part ieular case, a satisfactory 
method of locating the wake is to assume a wake loca- 
tion, calculate the corresponding downwash angles 
alon & it, adjust the wake location to these angles, 
recalculate the downwash angles, readjust the wake 
location, and so on until further steps produce no 
change. Two or "three steps generally suffice. 

Anotner method is to draw the wake center line as a 
series of straight sections starting at the trailing edge 
(or wake origin), the slope of each section being deter- 
mined by the coordinates of its first point. (This 
method corresponds to the step-by-step integration of 
the differencial equation, dy/dx = f(x, ?/).) A modifica- 
tion of this method was found to be simplest for locating 
the wake nt any particular distance behind the trailing 
edge within the normal range of tail positions. It de- 
pends on the observation that, in tin's range, the aver- 
age slope of the wake between the trailing edge and a 

point distant £ behind it is very nearly the slope of the 
wake at ().4f)£ from the trailing edge, while the average 
slope between the trailing edge and the point at 0.45£ 




0 20 40 60 80 100 
Distance from <£ , percent semispan 




0 20 40 60 80 /OO 120 /40 160 
Distance behind quarter-chord point, percent semi span 

FIGURE 10.— Theoretical dovvnwash-angle contours and wake positions for various 



distances from ground. 



, 9; taper ratio, 3:1. 0.7-span flap; Cl v , 1.2; Cl 



1.2. 



is very nearly the slope at 0.20J from the trailing edge. 
These relations are illustrated in figure LI. The method 



J 
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of computing the wake displacement at a distance £ 
thus consists of the following steps: 

a. Without considering wake displacement, calculate 
the downwash angle e 0 . 2 o (resultant of the actual and 
the reflected vortex fields) in the wake at 0.20$ behind 
the trailing edge. 

b. Calculate the wake displacement at 0.45£ behind 
the trailing edge as ().45£Xtan e 0 .2o. 

c. Taking this displacement into account, find the 
downwash angle e [)A - t in the wake at 0.45£ behind the 
trailing edge. 

d. Calculate the wake displacement at £ behind the 
trailing edge as £Xtan e 0A5 . 

The wake effect (fig. 2) is added as described in ref- 
erence 2 with consideration, also, of the reflected wake 
for positions very close to the ground. For such posi- 
tions it may happen that the wake half-width, as 
calculated by the methods of reference 2, exceeds the 
distance from the wake center to the ground. In this 



Woke origin 




Figure 11.— Illustration of the simplified method of determining the wake displace- 
ment at a distance £ behind t he trailing edge. The average slope bet ween the trrul- 
infi edire and £ approximately equals t he slope at 0. and ! he average slope bet ween 
the trailing edge and 0.4fif approximately equals the slope at 0.20$. 

case the ground effect will no longer be simply a reflec- 
tion of the normal wake; for the calculation of 
downwash angles, however, the assumption of simple 
reflection will give approximately correct results though, 
physically, the corresponding concept of a wake image 
partly extending above the ground is obviously in- 
correct. 

The small correction for the variation of downwash 
across the tail span (fig. 21 of reference 2) may be dis- 
regarded in these calculations. 

Ground effect on lift. — Although this paper is not 
primarily concerned with the ground effect on the wing 
lift, some remarks concerning it may he in order, inas- 
much as its magnitude must he known for any applica- 
tion of these results. For a given lift coefficient, the 
angle of attack decreases as the .airplane approaches the 
ground; hence the corresponding increase in the angle 
of attack of the tail is, for a given lift coefficient, less 
than the decrease in the tingle of downwash. 

The ground effect on the wing may be considered to 
consist essentially of three parts: (a) A reduction in 
the effective airspeed at the wing, due to the field of the 
reflected bound vortex; (b) a change in the effective 
camber and .airfoil section characteristics in general, 



due to the curvature and the distortion of the How by 
the reflected wing: and (c) a reduction in the induced 
angle at the wing, due to the upflow associated with the 
reflected trailing vortices. "An extensive theoretical 
analysis is given in reference^ f> and 7. and the results 
are summarized in the appendix of reference 8. As 
indicated in reference S, however, (c) alone appears to 
account approximately for the observed ground effect 
on lift, SO that fa) and (b) may be considered 1 > nullify 
each other for most conditions of practical interest. A 
simplified theory based on (c) alone may therefore be 
tentatively recommended, at least for stability and 
control calculations. The reduction in the angle of 
attack for a given lift coefficient is then given by the 
equation 

A«=-57.3 -% a 

7TZL 

in which, by reference 8, 

0 . = 6 -2.48(2d/6)°- 768 

For the landing attitude, cr may be of the order of 0.5, 
which corresponds to t he effective doubling of t he aspect 
ratio. 

Kl'.'SUME OF METHOD 

For the calculation of downwash angles and wake 
location in the proximity of the ground, the procedure 
given in reference 2 is revised as follows: 

Plain wings. — 

1. Determine x, £, m, and z in semispans. (Consider 
the wake origin to coincide with the trailing edge.) 

2. Determine the downward displacement h of the 
wake center line at the elevator position in the following- 
steps: 

a. Determine e 0 .->o from the downwash charts of 
reference 2. 

€o,>o = C L [€(i:-0.8f,0)-€(^-().8f, 2z)] 

(The term e(x — 0.8£, 0) is the downwash anide read 
from the appropriate chart of reference 2 at the point 
whose abscissa is sc— 0.8£ and whose ordinate is 0. 
Similarly, the term e(x— 0.8£, 2z) is read at the point 
whose abscissa is .r— 0.8£ and whose ordinate is 2z. It 
will be noted that the ordinates in the charts arc thus 
considered as kl vert ical distances from t he w ake center" ; 
the present label, "vertical distance from quarter- 
chord point," w hich applies only to the "undisplaced" 
down wash-angle contours, has given rise to some 
confusion. ) 

b. Determine e u 45 from the dow nwash charts. 

e 0A5 = C L {e(x-0.55it, 0) 

-ef.r-0.55f, 2(z-0.45£ tan e ( ,.2o)]} 
c. A = £ tan e 0 .45 
o. Determine the downwash at the hinge line as 
e=C L [e(x } m-\-h) — e(x, 2z+m — A)] 
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Flapped wings. — 

L. Determine x f f, //>, and : as before, but measure /// 
and : Prom the wake origin rather than from tin 4 trailing 
edge. 

2. Determined in t lie following steps: 

a. jo,2o=C Lu {e w x— .80?, 0)— e w (x-0.8J, 2z)} 

' +C L/ [e,(x-0.8it, 0)-6/(*-0.8{, 2z)] 
where the subscripts of e M . and e f signify that these 
values are bo be read from the downwash charts Cor the 
plain wing and for the flap, respectively. 

b. eo 4 : = C Lw {e w (x-0.r^ 0) -€„,[./—(). 55$ 
2(2-0.45$ tan 6 0 . 2 o)]} 

+ ^€,(3-0.55$) 
-6/[.r-0.55£, 2(«-0.4S| tan 60.20)]} 
c. h = £ tan 6 0 . 45 
3 . e= C/, Je* (x, m + A) — e ?f x, 2(2+ m — A)] 
4-C L/ [6 / (j: ) m + h)— e f (x } 2z+m—k)] 

4. Add the wake correction (fig. 2). This correction 
is a function of Cd 0 , £ (measured in root-chord lengths), 
and m-\-h (measured in root-chord lengths). 

5. Add the collection for the reflected wake, which is 
a function of c do , £, and 2z+m — h. 

EXAMPLES 

The specimen calculations of reference 2 will be re- 
peated here for the case in which the trailing edge or 
wake origin is 0.2 semispan from the ground (fig. 12). 



Woke edqe 
— Woke £ 




Ground 




(a) Flap dtp. 

(b) Flap down. 

Figure 12.— illustration for the specimen calculations of downwash and vrake 



For the (lap-up condition, the reduction in angle of 
attack for the given lift coefficient is about ().7°; for the 
flap-down condition, the reduction is about 1.2°. 
These changes correspond to an increase in m of about 
0.016/2. The steps just outlined are: 



Flaps up. — 

L. sc=0.68, £=0.43, w = 0, 3 = 0.2 

2. a. e () ,2o=0.9[ € (0.34, 0)-€(0.34, 0.4)] 

=0.9 (7.5°— 3.2°) 
= 3.9° 

(An extrapolation of the down wash-angle charts was 
necessary to find these values of e.) 

b. e fM 5 = 0.9[€(0.44 ? 0)— 6(0.44, 0.37)] 

= 0.9(6.6°-3.5°)=2.8° 

c. h=0A3 tan 2.8° 

= 0.02 

3. € = 0.9[e(0.68, 0.02) -€(0.68, 0.38)] 

=0.9(5.8°— 3.3°) 
= 2.3° 

The wake half-width is about 0.03 semispan and the 
tail lies in ii at 0.02 semispan from its renter. 

Flaps down. — 

1. ./ =0.68, £=0.43, 7/1 = 0.03, 2=0.2 

2. a. € 0M =0.9[e m (0M,0)-€ m (0M,0A)] 

+ 0.76M0.34, 0)- 6,(0.34, 0.4)] 
= 0.9(7.5°-3.2 o ) + 0.76(9.5 o -4.1°) 
= 3.9°+4.1° 
= 8.0° 

b. 6 ( ,r, = 0.9[€ ? .(0.44, 0) -6 W (0.44, 0.35)] 

+ 0.76[6/(0.44, 0) -6/(0.44, 0.35)] 
= 0.9(6.6 o -3.6°) + 0.76(9.0 o -4.6°) 
=2.7° + 3.3° 
= 6.0° 

c. h =0.43 tan 6° 

= 0.05 

3. 6^0.9[6 W ,(0.68, 0.08) -6.(0.68, 0.38)] 

+ 0.76[6/(0.68, 0.08) -6,(0.68, 0.38)] 
=0.9(5.3°-3.3°)+0.76(7.3 o -4.2 o ) 
= 1.8° + 2.4° 
=4.2° 

4. m+A = 0.08 semispan 
= 0.24c r 

Since the wake half-width £* is 0.34c r , the tail is within 
the wake. Figure 2 indicates a dowm wash-angle 
increment of 1 .5°. 

5. 2: m -h =0.37 semispan 
= l.llc, 

The reflected wake is thus too far away to have an 
appreciable effect, 

The downwash angle at the hinge line is 

4.2°+1.5° = 5.7° 

w hich is 5° less than the value (10.7°) calculated for the 
case without ground effect. Since the attitude of the 
aii plant 4 has changed by 1.2°, the increase in the angle 
of attack of the tail is only 5°— 1.2°, or 3.8°. 

0 24 

The dynamic pressure at the hinge line, q~34 = 0"1 

wake half-width from the wake center, is (by fig. 24 of 
reference 2) 

(1-0.2X0.63)7 = 0.87? 
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Positive directions of axes and angles (forces and moments) are shown by arrows 



Axis 


Force 
(parallel 
to axis) 
symbol 


Moment about axis 


Angl 


s 


Velocities 


Designation 


Sym- 
bol 


Designation 


Sym- 
bol 


p 

Positive 
direction 


Designa- 
tion 


Sym- 
bol 


Linear 
(compo- 
nent along 
axis) 


Angular 


Longitudinal 


X 


X 


ilolling 


L 


Y >Z 


Roll 


<p 
e 


u 

V 


V 


Lateral 


Y 


Y 


Pitching 

Yawing 


M 


Z >X 


Pitch 

Yaw 


Normal 


Z 


Z 


N 


X >F 


* 


to 


Q 

r 

















Absolute coefficients of moment 

Cl ~qbS Lm ~qcS Cn ~qbS 

(rolling) (pitching) (yawing) 



Angle of set of control surface (relative to neutral 
position), 6. (Indicate surface by proper subscript.) 



4. PROPELLER SYMBOLS 



D 


Diameter 




P 


Power, absolute coefficient C P — — 

pn 3 Lr 


V 


Geometric pitch 






p/D 


Pitch ratio 




c, 


Speed-power coefficient ^ -yp^ 


V 


Inflow velocity 




v t 


Slipstream velocity 




n 


Efficiency 


T 


Thrust, absolute coefficient Cr= 


T 

_ Q 


71 


Revolutions per second, rps 
Effective helix angle^tan -1 ^^—^ 


Q 


Torque, absolute coefficient C Q = 





5. NUMERICAL RELATIONS 



1 hp=76.04 kg-m/s=550 ft-lb/sec 
1 metric horsepower = 0.9863 hp 
1 mph= 0.4470 mps 
1 mps=2.2369 mph 



1 lb = 0.4536 kg 

1 kg=2.2046 lb 

1 mi= 1,609.35 m=5,280 ft 

1 m= 3.2808 ft 



